Numerical and experimental investigations of stimulated Brillouin scattering signal amplification in standard single-mode fibers under pump depletion show that while gains are reduced, the same orthogonal input states of polarization that provide maximum and minimum gain in the undepleted case practically continue to do so in the depleted regime. Using a scaled Brillouin gain coefficient, the power distribution of these max/min polarizations along the fiber can be deduced from a scalar formulation. © 2013 Optical Society of America OCIS codes: 290.5900, 190.4370.
The highly selective gain and loss spectra associated with stimulated Brillouin scattering (SBS), together with its low-threshold power in standard fibers and robustness and simplicity of operation, were found to be attractive for sensing and numerous other applications [1] [2] [3] [4] [5] . In SBS, a pump wave and a counterpropagating signal wave optically interfere to generate, through electrostriction, a traveling longitudinal acoustic wave, which, in turn, mediates a power transfer from the higher-frequency optical wave to the lower-frequency wave, giving rise to a gain process for the latter wave and a loss for the former. Since optical interference is required, the interaction at every point along the fiber is strongly and inherently polarization dependent, i.e., the local SBS vanishes for orthogonally polarized fields, and reaches maximum interaction when the electric fields of the pump and signal are aligned [6] . Consequently, in the presence of birefringence, the overall signal gain (or loss) depends on the birefringent properties of the fiber, as well as on the input states of polarization (SOPs) of both pump and signal. Zadok et al. [7] have studied in detail the vector properties of the pump and signal SBS interaction in the presence of birefringence for the case where the signal is weak enough as to not appreciably deplete the pump. They showed that the evolution of the signal SOP is controlled by both the fiber birefringence and the local SBS interaction, resulting in the pulling of the signal SOP toward that of the pump conjugate [7] . It was further proven that in the strictly undepleted pump regime, the input signal SOPs which lead to maximum∕minimum SBS gain are always orthogonal, regardless of pump power and fiber birefringence.
In many practical applications, though, the Brillouinamplified signal is strong enough as to deplete the pump to a higher or lesser degree. The Brillouin pump-signal interaction under depletion has indeed been studied [8] [9] [10] but only for the scalar case, neglecting the fiber birefringence. In this work, we extend the vector analysis of [7] to real Brillouin scenarios, where standard singlemode fibers are used, having some built-in and induced birefringence, and where the signal depletes the pump. We show, both numerically and experimentally, that the two SOPs, experiencing max/min gain remain approximately orthogonal even under pump depletion. Furthermore, for many practical situations the analytical results of [8] [9] [10] can be modified to also cover the depleted pump regime for fully developed statistics.
The propagation of the pump and signal Jones column vectors ⃗ E pump z and ⃗ E sig z along the length coordinate 0 ≤ z ≤ L of a fiber is governed by [7] :
with Tz a unitary Jones matrix representing the effect of fiber birefringence, α is the fiber loss, and γ 0 g B ∕A eff W · m −1 is the SBS gain per unit length per unit pump power for a scalar interaction (i.e., for a fiber with no birefringence). g B is the intrinsic linear Brillouin gain coefficient and A eff is the fiber effective area [9] . ⃗ E is in units of Opt:Power p . For the given input pump and signal ⃗ E sig z 0 and ⃗ E pump z L, Eqs. (1) were numerically solved using a convergent, energy preserving, iterative algorithm, to obtain the field distributions of the counterpropagating pump and signal along the fiber. A standard single-mode fiber was classically modeled as a concatenation of linear birefringent tablets, whose birefringence is Rayleigh distributed and their axes randomly rotated with a prescribed longitudinal correlation [11] . The fiber length, attenuation, number of tablets, and Brillouin gain γ 0 are all configurable. Figure 1 shows typical simulation results of Brillouin amplification in a standard single mode fiber, covering both the undepleted and depleted regimes. Parameters were chosen here to match those of the experiment: a 2250 m, 0.2 dB∕km single-mode fiber was divided into 4000 wave plates, having a mean beat length of 18 m, a longitudinal correlation length of 10 m, and a Brillouin coefficient of γ 0 0.18 W · m −1 .
For each signal input power, P in sig , a high resolution search was conducted to locate the two, presumably pump-dependent, input SOPs of the signal, SOP in max sig P in sig and SOP in min sig P in sig , which experienced maximum and minimum gains, respectively. The solid and dashed lines of Fig. 1 display these max∕min gains as a function of the signal input power. Interestingly enough, and as will be discussed below, SOP in max sig P in sig and SOP in min sig P in sig appear to be independent of P in sig , and, therefore, will be simply denoted by SOP in max sig and SOP in min sig . In the undepleted regime of Fig. 1, i. e., for low enough signal input power, the maximum gain is twice the minimum gain [6, 7] . This relationship does not hold in the depletion regime, where the two gains decrease due to pump depletion, albeit at a different pace. Polarization pulling of an arbitrary input SOP toward SOP out max [7] is expected to be less effective due to the lower differential gain G max ∕G min .
It is well known [6, 7] that in the undepleted regime, SOP (conjugate relationship, "parallel" in [6] terminology), are all strictly valid only for vanishingly weak pump power. In general, however, the Brillouin force [the right-hand term in the square parentheses of Eq. (1)], tends to pull the signal SOP away from its birefringenceonly trajectory and is solely responsible for polarization pulling [7] . Our investigations of both the undepleted and depleted regimes show that, for the two special cases of the min∕max SOPs, the effect of this force is averaged to practically zero by the much stronger local birefringence force (the first term in those parentheses). Thus, these and only these two special SOPs follow their birefringence-only counterparts with only small deviations. Figure 1 also shows the experimentally measured rather small deviations of the SOP of the signal from that of the pump conjugate, sampled at the signal output (z L).
Any other SOP will be pulled by the Brillouin force to that of the maximum gain. In order to derive an approximate solution for the distance distribution of P pump z and P sig z of either ⃗ E in max sig
or ⃗ E in min sig , we start by first integrating a general result from Eq. (12) in [7] to obtain
Here,ŝ pump z andŝ sig z are the Stokes vectors of the counterpropagating pump and signal waves, while the dot represents a scalar product. Under most practical conditions, the fiber beat length (on the order of meters) is much shorter than the distance over which the depleted pump power, P pump z, changes appreciably. Invoking the stronger assumption that, in a distance over which the birefringence-drivenŝ pump z andŝ sig z approximately cover the Poincare sphere, P pump z is hardly depleted, Eq. (2) can be approximated by: (1), which was insensitive to the particular choice of the birefringence beat and correlation lengths, as long as they were much shorter than the distance scale of pump depletion. [7] . VOA, variable optical attenuator; FBG, fiber Bragg grating; PC, polarization controller; EDFA, erbium-doped fiber amplifier; EOM, electrooptic modulator; OSA, optical spectrum analyzer; BPF, band pass filter. Here the average h·i is carried out over many beat lengths and is known [7] to be 1∕3 for SOP in max sig and −1∕3 for SOP in min sig . Finally,
This result condenses all birefringence information into a scaled Brillouin gain in an otherwise scalar expression.
In an attempt to extend this behavior to the power distribution of the pump we follow the formulations of [8] [9] [10] and solve the Brillouin scalar intensity equations for given values of P in pump at z L, and P in sig at z 0:
replacing the scalar Brillouin constant γ 0 by either γ 0 2∕3γ 0 or γ 0 1∕3γ 0 for the maximum∕minimum gains, respectively. The case of α 0 is even easier [9] , since only a transcendental equation must be solved. The practical case of α > 0 must be solved iteratively, which is still a much easier task than the iterative solution of Eq. (1). Figure 2 shows the high accuracy of this approximation.
The experimental setup, Fig. 3 , for characterizing the polarization and gain properties of SBS under depletion is basically identical to that used in [7] for the undepleted case, where it is described in detail. The same 2250 m standard single mode fiber was used. The experimental results for max/min gains appear in Fig. 1 . Quite a good agreement is achieved between the experimental and simulation results. Also shown are the measured deviations of the meticulously experimentally determined SOP out max sig from that of the conjugate of the measured SOP in pump , exhibiting rather small values, as predicted. In summary, vector analysis of Brillouin amplification in standard single-mode fibers, which are always slightly birefringent, has been extended to the regime of pump depletion. Results show that maximum and minimum gains are achieved for the same input SOPs as in the undepleted case. Furthermore, as long as the beat and correlation lengths of the birefringence are much shorter than the distance over which the depleted pump power appreciably changes, the signal and pump power distributions along the fiber of the two input polarizations, which exhibit maximum and minimum gains, can be approximately deduced from a much simpler scalar formulation.
